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ABSTRACT
LIGO/Virgo have reported six binary black hole (BH-BH) mergers. The effective spins of all of them are clustered around χeff ∼ 0.
However, the effective spin of one of them, GW170104, has an 82% probability of being negative, which would indicate a significant
spin-orbit misalignment and seemingly supporting dynamical formation over isolated binary evolution. We show (i) as a proof-of-
principle case, that GW170104 could have been formed through isolated binary evolution, and (ii) that the LIGO/Virgo measurements
inform about, thus far unconstrained, angular momentum transport in massive stars. Massive stars can have inner transport of angular
momentum and their strong winds may carry away substantial angular momentum, affecting the natal spin of the BHs created at the
end of their lives. We present a physically motivated model for BH natal spins based on moderately efficient angular momentum
transport. With this model we can explain the low effective spin of GW170104 in the context of isolated binary evolution. However,
our predicted effective spin distribution of BH-BH mergers, showing a large fraction of high effective spins, is not consistent with
LIGO/Virgo observations. If the effective spins of BHs observed by LIGO/Virgo continue to be small, it will indicate that angular
momentum transport in massive stars is more efficient than adopted in our model and that BHs found in BH-BH mergers are born
with low spins (aspin ∼ 0).
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Advanced LIGO/Virgo have reported the observation of six
binary black hole (BH-BH) mergers: GW150914, LVT151012,
GW151226, GW170104, GW170608 and GW170814 (Abbott
et al. 2016c,b,a; Abbott et al. 2017; Abbott et al. 2017; The LIGO
Scientific Collaboration et al. 2017). These mergers, except for
GW151226 and GW170608, contain “heavy” BHs with compo-
nent masses > 20 M. These massive BHs are consistent with
formation by isolated binary evolution of stars with metallici-
ties < 10% Z and initial masses in the range 40–100 M, while
lower mass BHs may have formed from lower mass stars or at
higher metallicity (Belczynski et al. 2010a, 2016b). A typical
evolution involves interaction of stars in a binary through mass
transfer and a common envelope phase (Tutukov & Yungelson
1993; Lipunov et al. 1997; Belczynski et al. 2002; Voss & Tauris
2003; Dominik et al. 2012; Belczynski et al. 2016c; Eldridge &
Stanway 2016; Woosley 2016; Stevenson et al. 2017; Kruckow
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et al. 2018) and its outcome was predicted to produce the first
LIGO/Virgo sources (Belczynski et al. 2010b).
The spins of the BHs may also provide important infor-
mation on their formation. However, the effect of spin is sub-
dominant in a gravitational waveform and it is more difficult to
measure than mass. The waveform is most sensitive to the bi-
nary’s effective spin
χeff =
MBH1aspin1 cos Θ1 + MBH2aspin2 cos Θ2
MBH1 + MBH2
(1)
with aspin1,2 the BH spin magnitudes and Θ1,2 the angles between
the directions of the binary’s angular momentum and the BH’s
spin. The dimensionless BH spin magnitude is defined as:
aspin = cJBH/(GM2BH), (2)
where c is the speed of light, G is the gravitational constant, and
MBH, JBH are the mass and angular momentum of the BH, re-
spectively.
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All of the binaries observed by LIGO/Virgo are consistent
with low effective spins within −0.42 < χeff < 0.41 at the 90%
credible level (Abbott et al. 2016a; Abbott et al. 2017; The LIGO
Scientific Collaboration et al. 2017). Abbott et al. (2017) report
that GW170104 has a preferentially negative effective spin—
indicative of spin-orbit misalignment of at least one component
BH—with an 82% probability that χeff < 01. If the BH spins
are not small (aspin1,2 > 0.2), Abbott et al. (2017) state that
the LIGO/Virgo observations indicate a population of binaries
with spin-orbit misalignment, and that this would favor a dy-
namical formation scenario over classical isolated binary evolu-
tion. However, the BH spin magnitudes in GW170104 are not
constrained, and in particular they could be zero (Abbott et al.
2017). If this is the case then the origin of GW170104 remains
unknown.
Farr et al. (2017) and Farr et al. (2018) used various ad-
hoc models for BH natal spins to analyze LIGO/Virgo BH-
BH observations of effective spins. Both studies estimate odds
that BH-BH mergers show either isotropic (dynamical origin)
or mostly aligned (binary origin) distribution of BH spins. The
results are inconclusive as it is noted that BH spin magnitudes
may be small, thus limiting information on spin orientations.
Previous work to model BH-BH physical properties either does
not include physical model of the BH spin (Wysocki et al.
2018), or employs simple analytic estimates of evolutionary pro-
cesses (Amaro-Seoane & Chen 2016). Here we adopt a differ-
ent approach. We use a physical model of the BH spin that in-
corporates detailed stellar evolution of rotating progenitor stars
through the core collapse (to evaluate the natal BH spin), and nu-
merical simulations of accretion-induced BH spin-up during the
binary evolution (final BH spin). Our model is compared to the
entire population of LIGO/Virgo BH-BH mergers, with special
emphasis given to the case of GW170104. This already allows
to infer astrophysical information and constrain stellar evolution
models from the existing LIGO/Virgo observations.
1. Black Hole Spin Model
We employ the Geneva stellar evolutionary code (Georgy et al.
2013) to estimate the properties of massive stars prior to core-
collapse. Models for wide range of metallicities are used: Z =
0.014, 0.002, 0.006, 0.00004. Stars are initiated with equatorial
velocity on the ZAMS equal to 40% of the critical velocity (at
100% the centrifugal acceleration at the equator balances the
gravity). There are two extremes of angular momentum trans-
port: the case of no or very weak angular momentum transport
and the case of solid body rotation which corresponds to a most
efficient angular momentum transport (e.g., the Tayler-Spruit dy-
namo Spruit 2002). Any coupling between these two extremes
is called mild. This is the case adopted in the Geneva code, in
which meridional currents smooth the gradient of the angular
velocity with respect to what would be obtained in case of local
conservation but are not efficient enough to make the star rotate
as a solid body.
To determine BH mass at core collapse of a star, we use
the CO core mass formulae (rapid explosions) from Fryer et al.
(2012), corrected for a typo in the original paper2 Additionally,
we take into account the effect of pulsation pair-instability su-
1 Note that this result was obtained with a prior that favors low χeff
values; see App. 5.4 for an alternative estimate.
2 Note that formula for a1 in eq.16 (rapid explosions) of Fryer et al.
(2012) has a typo. The correct formula is: a1 = 0.25 − 1.275M−Mproto .
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Fig. 1. Magnitude of natal (initial) BH spin as a function of CO core
mass of collapsing star. Results from Geneva stellar models are marked
with squares, while the color lines mark our adopted model for natal BH
spin and its dependence on metallicity (see eq. 3). Star CO core mass
may be used as a proxy for a BH mass (App. 5.2).
pernovae and BHs do not form with masses above ∼ 50M (Bel-
czynski et al. 2016a).
The stellar models provide the angular momentum in each
zone corresponding to a spherical shell in the star. We assume
angular momentum is conserved in the collapse phase and calcu-
late the angular momentum of a compact remnant by summing
the angular momentum of the zones with enclosed mass lower
than the compact remnant mass. Although number of processes
can remove angular momentum during neutron star formation,
the angular momentum loss from these mechanisms is minimal
if the core collapses quickly to a BH (Ott et al. 2006).
From the amount of angular momentum contained in the col-
lapsing core, we calculate the dimensionless BH spin magnitude
aspin. In Figure 1 we show the BH spins as a function of a pro-
genitor CO core mass. We approximate the natal BH spin by:

aspin = 0.85 MCO ≤ m1
aspin = aMCO + b m1 < MCO < m2
aspin = alow MCO ≥ m2
(3)
with a = −0.088 for all models, and b = 2.258, m1 = 16.0 M,
m2 = 24.2 M, alow = 0.13 for Z = 0.014; and b = 3.578,
m1 = 31.0 M, m2 = 37.8 M, alow = 0.25 for Z = 0.006;
and b = 2.434, m1 = 18.0 M, m2 = 27.7 M, alow = 0.0 for
Z = 0.002; and b = 3.666, m1 = 32.0 M, m2 = 38.8 M,
alow = 0.25 for Z = 0.0004.
Stellar winds during massive star evolution can carry away
considerable amount of angular momentum (Meynet et al.
2015). For the most massive stars, this mass loss is extensive,
efficiently removing angular momentum and producing slow-
spinning BHs. Note that progenitor stars with CO cores less mas-
sive than ∼ 20 M tend to produce high spin BHs (aspin ∼ 0.8–
0.9), but higher mass stars tend to produce low spin BHs (aspin ∼
0–0.3). The data points also show non-monotonic dependence
on metallicity which is the result of a complex and metallicity-
dependent interplay between the strength of stellar winds, the H-
burning shell extent and the element diffusion efficiency within
meridional current model (App. 5.1).
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Fig. 2. Example of the formation of a BH-BH merger similar to
GW170104. This example follows from the classical isolated binary
evolution channel and was obtained with the upgraded StarTrack pop-
ulation synthesis code. In this model (M20) massive BHs do not receive
natal kicks and their spins are aligned with binary angular momentum
(Θ1 = Θ2 = 0 deg) producing an upper limit on the effective spin pa-
rameter (χeff). Yet, this system χeff = 0.09 is within LIGO 90% credible
limits for GW170104 [−0.42:0.09]. Both BH masses are also within the
limits: MBH1 = 33.3 M [25.2:37.2] and MBH2 = 24.7 M [13.5:24.7]
(for details see App. 5.3).
2. The case of GW170104
Binary evolution calculations are performed with the upgraded
population synthesis code StarTrack (Belczynski et al. 2002,
2008). The improvements include updates to the treatment of
CE evolution, compact object mass calculation with the effect of
pair-instability pulsation supernovae and pair-instability super-
novae among other upgrades (App. 5.5) and our new BH natal
spin prescription (Sec. 1).
We consider six different realizations (models) of our clas-
sical isolated binary evolution to test whether it is possible to
form a GW170104-like BH-BH merger. First two models cor-
respond to our previous calculations with fallback-decreased
BH mass-dependent (M10) and high mass-independent (M13)
BH natal kicks with otherwise standard input physics (Bel-
czynski et al. 2016a). The following four models include up-
dated input physics on mass transfer, BH accretion in common
envelope and take into account effects of rotation on the BH
mass (App. 5.5). These models are as follow: fallback-decreased
BH mass-dependent (M20), small BH mass-independent (M26;
σ = 70 km s−1), intermediate BH mass-independent (M25;
σ = 130 km s−1) and high BH mass-independent (M23; σ =
265 km s−1) BH natal kicks. Table 1 gives an overview of the
models (details in App. 5.5).
In all cases, we assume the stellar spins are initially aligned
(Θ1 = Θ2 = 0) with the orbital angular momentum of the main
sequence binary, then we follow the evolution of massive bina-
ries and note the formation of double compact object mergers
(NS-NS, BH-NS, BH-BH). For BH-BH mergers we estimate the
misalignment of spin vectors due to natal kicks and calculate the
spin magnitude increase due to accretion from the companion
star to estimate the effective spin parameter (see eq. 1). We do
not allow for BH spin realignment during mass transfer phases
or due to tidal interaction between the stars in a binary.
Although the BH spin can be modified by accretion from a
binary component, the amount of matter accreted in our calcula-
tions is very modest, and the a ccretion-induced spin-up of BHs
is not very significant. In other words, LIGO/Virgo estimates of
spins will probe natal BH spin distribution (note that tides do not
work directly on BHs).
Here we present a proof-of-principle case demonstrating that
isolated binary evolution can form BH-BH merger with BH
masses and effective spin as observed by LIGO for GW170104.
We search for a system that will have both BH masses and ef-
fective spin within LIGO 90% credible limits: 25.2 < MBH1 <
39.6 M, 13.5 < MBH2 < 24.7 M, −0.42 < χeff < 0.09 (Ab-
bott et al. 2017). The upper bound on χeff may be actually be
as high as χeff ≈ 0.2 (App. 5.4). We search for such systems
within our updated input physics models. For example, model
M20 indicates that it is indeed possible to form a BH-BH merger
resembling GW170104: MBH1 = 33.3 M, MBH2 = 24.7 M,
χeff = 0.09. The evolutionary history of such a merger is pre-
sented in Figure 2 (see also App. 5.3). Note that model M20 is
rather conservative regarding assumptions on natal kicks, which
are strongly suppressed by fallback material. Massive BH spins
are mostly aligned with the binary angular momentum (cos Θ1 =
cos Θ2 = 1), thus maximizing the value of effective spin. For all
the other models (with the exception of M10) the BH spins will
tend to be misaligned decreasing the value of the effective spin
and making it easier to produce systems with low effective spin
values as observed for GW170104.
We have estimated the double compact object merger rates
using the methods presented in Belczynski et al. (2016c,b). Ta-
ble 2 summarizes our predictions for the local (redshift z ∼ 0)
merger rate density, the detection rate in Advanced LIGO’s first
(O1) and second LIGO/Virgo’s (O2) observing runs (Rdet yr−1),
and the predicted number of detected events during the full O2
observing run (120 days). The predicted BH-BH merger rate
densities vary between 6 and 350 Gpc−3 yr−1 across our mod-
els, and are able to account for the entire allowable range de-
termined by the first six LIGO detections (12–213 Gpc−3 yr−1
Abbott et al. (2017)). The predicted NS-NS merger rates (50–
110 Gpc−3 yr−1) are significantly below LIGO/Virgo estimate
based on the detection of GW170817 (320–4740 Gpc−3 yr−1;
Abbott et al. (2017)). This tension has already been reported by
Belczynski et al. (2017).
In Table 2 we also include the predicted detection rate of
BH-BH mergers with both BH masses and χeff within the LIGO
90% credible intervals for GW170104. For most of our models
(M13, M20, M23, M25, M26) such systems appear in our calcu-
lations. Note that the predicted rate is small: ∼ 0.15 detections
in O2 for models M25/M26, and even smaller for other models.
However, this is not a true estimate of the detection probability,
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Table 1. Binary evolution models
Model Main features
M10 standard input physics:
– standard BH masses Fryer et al. (2012)
– with pair-instability pulsations and SNe
– low-to-no BH natal kicks (set by fallback)
– high NS kicks (σ = 265 km s−1 with fallback)
– 50% non-conservative RLOF
– 10% Bondi-Hoyle rate accretion onto BH in CE
– no effects of rotation on stellar evolutiona
– initial binary parameters Sana et al. (2012)
– massive star winds Vink et al. (2001) + LBVb
– BH spin magnitude model adopted (eq. 3)
M13 as in M10, but with:
– high BH/NS natal kicks (σ = 265 km s−1)
M20 modified input physics, as in M10, but with:
– 80% non-conservative RLOF (Sec. 5.5)
– 5% Bondi-Hoyle rate accretion onto BH in CE
– rotation increases CO core mass (by 20%)
M26 as in M20, but with:
– small BH/NS natal kicks (σ = 70 km s−1)
M25 as in M20, but with:
– intermediate BH/NS natal kicks (σ = 130 km s−1)
M23 as in M20, but with:
– high BH/NS natal kicks (σ = 265 km s−1)
Notes.
a Binary component spins are followed (tides, magnetic braking and
change of inertia). However, stellar rotation does not alter internal star
properties (He/CO core mass). b (dM/dt)LBV = 1.5×10−4 M yr−1;
as this predicted rate depends on the adopted LIGO range for
BH masses and effective spin. For example, if 90% credible in-
tervals were very small, the detection rate estimated within these
intervals would become vanishingly small, but it would not mean
that such systems are not found in our simulations. We show the
detection rate within LIGO 90% credible intervals only to point
out that systems similar to GW170104 can, in fact, be formed in
classical isolated binary evolution.
3. The Origin of Low Black Hole Spins
Here we test our BH spin model to see whether we can repro-
duce the effective spin distribution of all reported LIGO/Virgo
BH-BH mergers. In this calculation we ignore the potential ef-
fects of tides, mass transfer/accretion and BH spin precession
(see Gerosa et al. (2013); Wysocki et al. (2018) for alternatives
and discussion). We assume that the two stars are born with
spins that are fully aligned with the initial progenitor (ZAMS)
binary angular momentum (Li : li,x, li,y, li,z). Note that with our
assumptions, both stars retain their spin directions through en-
tire evolution. Both stars collapse to BHs and both BHs retain
the spin direction of their progenitor stars. However, at each BH
formation, a natal kick may change the orbit and its orientation
in space. After both BHs are formed the binary orbital angu-
lar momentum vector is pointing to a new direction in space
(Lf : lf,x, lf,y, lf,z). We can now estimate the tilt (mis-alignment
angle) between the two BHs and the BH-BH binary angular mo-
mentum (cos Θ1 = cos Θ2 = (li,xlf,x + li,ylf,y + li,zlf,z)/(|Li||Lf |))
and use this mis-alignment angles to estimate the effective spin
parameter (χeff ; see eq. 1). Note that, although misaligned spins
Table 2. Local merger rates and LIGO/Virgo O1/O2 detection rates
Model Rate densitya O1/O2 rateb O2c
Merger type [Gpc−3 yr−1] [yr−1] [120 days]
M10
NS-NS 68.0 0.088 0.03
BH-NS 25.7 0.415 0.14
BH-BH 206 112.4 37.0
GW170104d 0 0
M13
NS-NS 51.1 0.068 0.02
BH-NS 1.96 0.029 0.01
BH-BH 6.14 3.133 1.03
GW170104 0.011 0.004
M20
NS-NS 84.3 0.105 0.03
BH-NS 88.2 1.289 0.42
BH-BH 350 168.8 55.5
GW170104 0.067 0.02
M26
NS-NS 109 0.136 0.04
BH-NS 36.0 0.502 0.17
BH-BH 95.0 40.82 13.4
GW170104 0.391 0.13
M25
NS-NS 103 0.130 0.04
BH-NS 13.9 0.203 0.07
BH-BH 45.4 22.45 7.39
GW170104 0.462 0.15
M23
NS-NS 55.9 0.066 0.02
BH-NS 3.13 0.045 0.01
BH-BH 11.8 5.392 1.77
GW170104 0.126 0.04
Notes.
a Local merger rate density at redshift z = 0.
b Detection rate for LIGO/Virgo O1 and O2 observational run.
c Number of detections expected in O2.
d BH-BH mergers resembling GW170104, with: 25.2 < MBH1 <
39.6 M and 13.5 < MBH2 < 24.7 M and −0.42 < χeff < 0.09.
are subject to precession, the value of χeff is expected to remain
constant during the long inspiral towards the LIGO band (Gerosa
et al. 2015).
In Figure 3 we show all LIGO/Virgo BH-BH measurements
of effective spin which all cluster around zero (χeff ∼ 0). We
contrast these observations with our two models; the model with
fallback-decreased BH natal kicks (effectively no kicks for mas-
sive BHs, and small kicks for low mass BHs; M20) and the
model with high BH kicks that are independent of BH mass (with
1-dimensional σ = 265 km s−1; M23). Our model distributions
peak at high values (χeff ∼ 0.8) and then quickly fall off toward
small values.
Mergers with high values of effective spin host BHs with
high spins and in our models these BHs can form both with low
and high masses depending on chemical composition of the pro-
genitor stars (Fig. 1). Mergers with low effective spins originate
predominantly from systems with high mass BHs. For strong na-
tal kicks (model M23), BH spins are getting more misaligned
with respect to the binary angular momentum vector during BH
formation, and this decreases the value of the effective spin. Note
that although both distributions are similar and they peak at high
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Fig. 3. Detection weighted distribution of effective spin parameter of
BH-BH mergers for model M20 (fallback decreased BH kicks; no BH
kicks for massive BHs) and M23 (high BH natal kicks with 1D σ =
265 km s−1 for all BHs). Note that both distributions peak at high val-
ues (χeff ∼ 0.8). Natal kicks decrease effective spin parameter (average
χeff = 0.5; M23) as compared to model with almost no BH kicks (av-
erage χeff = 0.7; M20). For comparison we show 90% credible limits
(blue arrows) and the most likely values (blue stars) of effective spin pa-
rameter for six LIGO/Virgo BH-BH mergers. Although we can recover
all the reported values, our predicted peak of χeff distribution is not co-
incident with the current LIGO/Virgo data. It indicates that BHs have
typically lower spins than follows from our adopted model for BH na-
tal spin, or the detected BH-BH mergers are not formed in the classical
isolated binary evolution.
values, natal kicks decrease the effective spin parameter (aver-
age χeff = 0.5; M23) as compared to model with almost no BH
kicks (χeff = 0.7; M20). Also the fraction of BH-BH mergers
with negative χeff is noticeable in model M23 (11.3%) while it is
negligible in model M20 (∼ 0.1%).
Although we can recover all the reported values within both
models (easier with model M23 than with M20), our predicted
χeff distributions are not consistent with the current LIGO/Virgo
data. Note that to reach this conclusion we have used two ex-
treme natal kick models, and in particular we have tested a model
with high BH natal kicks that tends to maximize the BH spin-
orbit misalignment and therefore decrease our predicted effective
spins. Although BH natal kicks as high as adopted here (M23:
average 3-dimensional velocity of ∼ 400 km s−1) cannot yet be
observationally excluded (Belczynski et al. 2016c), it is unlikely
that BHs receive larger natal kicks (Mandel 2016; Repetto et al.
2017). Note that we additionally did not allow for any processes
to realign BH spins or we did not allow for effective tidal spin up
of stars in binary progenitors of BH-BH mergers (Kushnir et al.
2017; Hotokezaka & Piran 2017). These processes can possibly
increase effective spin parameter for some of BH-BH progeni-
tors shifting our results even further away from the LIGO/Virgo
observations.
4. Discussion and Conclusions
In this study we explored the distribution of the expected BH
spin magnitudes and orientations of BH-BH mergers. We have
introduced a physical model of the BH spin. Our model indicates
that while low-mass BHs can be rapidly rotating, massive BHs
will be born with small natal spins, which are at best modestly
increased by binary accretion over their lifetime.
We explored several models of input physics to test whether
formation of BH-BH mergers resembling GW170104 (with
heavy BHs and low effective spin) is possible not only by dy-
namical evolution in globular clusters but also in classical iso-
lated binary evolution in galactic fields. We demonstrated that
the formation of GW170104 is possible in isolated binary evo-
lution with both BHs born with small spin magnitudes at low
metallicity environment.
If the spin magnitudes of the BHs in GW170104 were not
small, then the most natural explanation would be formation
through dynamical capture or high natal BH kicks in isolated bi-
nary evolution, which can produce misaligned spins. However,
LIGO measurements of the BH spin magnitudes in GW170104
are inconclusive (Abbott et al. 2017). Unfortunately, the spin
magnitudes of massive BHs with MBH > 15 M are not con-
strained by other observational means. Indeed, the three most
massive BHs in wind-fed high mass X-ray binaries (which are
potential double compact object progenitors) do not reach such
high masses3, but we list them here for completeness: LMC
X-1 MBH = 10.9 ± 1.6 M (aspin = 0.92); Cyg X-1 MBH =
14.8 ± 0.1 M (aspin > 0.983); M33 X-7 MBH = 15.7 ± 1.5 M
(aspin = 0.84).
Our main conclusion is that heavy BHs with small spins are
a perfectly viable possibility in the context of isolated binary
evolution. This means that the current LIGO/Virgo observations
of heavy BH spins cannot differentiate between the dynamical
and the classical isolated binary BH-BH formation scenarios.
We propose that BH mass and its spin magnitude may be a
possible factor to discriminate between the two formation sce-
narios based on a single observation. If any of the two merging
binary components is found in the mass range 55 . MBH .
135 M with moderate spin aspin ≈ 0.7 this would indicate dy-
namical formation scenario. The lower mass limit corresponds
to pair-instability pulsation supernova effects on the presuper-
nova star and on the remnant BH mass (Woosley 2017; Bel-
czynski et al. 2016a), while the upper mass limit corresponds
to the end of the pair-instability supernova process, that is be-
lieved to disrupt the entire star without BH formation (Fryer
et al. 2001; Heger & Woosley 2002). The lack of BHs in this
mass range is referred to as the “second mass gap” (Belczynski
et al. 2014; Spera et al. 2015; Marchant et al. 2016). It seems
unlikely that isolated binaries can fill this gap, but repeated BH-
BH mergers in dense environments could produce such heavy
BHs, and then it is expected that these BHs would have mod-
erate spins aspin ≈ 0.7 (Fishbach et al. 2017). Alternatively, if
a BH with mass within the second mass gap is detected with a
low spin, it may point to (i) either some inconsistencies in pair-
instability supernova theory, or to (ii) the primordial origin of
such a BH (Green 2017).
If LIGO/Virgo observations of BH-BH mergers continue to
be consistent with χeff ' 0, this would (statistically) indicate that
low natal spins are common for BHs. In this case, our work sug-
gests that stellar models with weak or only mild rotational cou-
pling between star interior (core) and outer zones (envelope) are
not supported by LIGO/Virgo observations. Such models allow
for the formation of BHs with low spins only at high BH mass
(MBH & 30 M; Fig. 1). This would imply the need for modifi-
cation of our adopted model of BH natal spin to inform stellar
evolution to allow for the formation of low spin BHs in a broad
3 The estimated masses and spins of these systems can be found online
at https://stellarcollapse.org
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mass range (MBH & 15 M). Formation of BHs with low spins
in even broader mass range may be in tension with estimates
of high BH spins in high mass X-ray binaries (MBH < 15 M).
However, note that these spin estimates are highly uncertain and
that these systems are unlikely to produce BH-BH mergers (Bel-
czynski et al. 2012a). Our study demonstrates how LIGO/Virgo
BH spin observations can be used to make astrophysical infer-
ences and guide stellar evolution astrophysics.
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5. Methods
5.1. Geneva Stellar Models
In Table 3 we present a suite of Geneva evolutionary models
(Eggenberger et al. 2012; Ekström et al. 2012; Georgy et al.
2013) with Mzams = 20–120 M for a wide range of chemical
compositions: Z = 0.014–0.0004. Specifically, we are listing CO
core mass for each evolutionary model along with our estimate
of the associated BH spin magnitude.
Spin magnitude is very sensitive to BH mass (∝ 1/M2BH;
see eq. 2). CO core mass may be taken as proxy for BH mass
(App. 5.2 and Fig. 4). Below we present the behavior of CO core
mass within Geneva models. This discussion explains the non-
monotonic dependence of BH spin on metallicity.
As naturally expected, the CO core mass increases with ini-
tial star mass within models of the same metallicity. This intu-
itive trend is reversed only at the highest metallicity considered
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here (Z = 0.014) at which stellar winds are most efficient in
mass removal. This is in particular true for very massive stars
(Mzams & 100 M).
Another intuitive expectation is not supported by these stel-
lar models. For a given initial star mass, one may naively ex-
pect that CO core mass would increase with decreasing metal-
licity: as winds are getting weaker and star remains more mas-
sive. However, for example for Mzams = 85 M we note MCO =
26.4, 35.8, 27.4, 44.2 M for Z = 0.014, 0.006, 0.002, 0.0004,
respectively. In the following, we explain this non-monotonic be-
havior in terms our adopted stellar evolution model.
Stellar winds increase CO core mass, as they become weaker
with decreasing metallicity. This general trend is mitigated by
two other physical processes. Decreasing metallicity leads to for-
mation of extended convective H-burning shells that tend to slow
down the growth of the He core (and subsequently the CO core)
mass. At high Z, massive stars lose most of their envelopes so
there is no vertical structure available for extended convective
H-burning shell. The H-burning shell is compact and moves out-
wards (once H is totally depleted) through the envelope adding
mass to underlying He core. At low Z, massive stars not only
retain their envelopes for longer but also they are more com-
pact, and increased density helps forming extended convective
zones. Within the extended convective shell, that reaches far
above H-burning (that occurs only at the shell base) intensive
mixing keeps bringing new fuel to H-burning zone (keeping it
in the same position), and keeps re-distributing newly formed
He across this large shell. This instead of adding He to the core,
the newly formed He is redistributed through the material of ex-
tended convective shell. Another process that leads to CO core
mass decrease with metallicity is connected to diffusion of ele-
ments due to action of meridional currents and turbulence. With
decreasing metallicity stars are more compact, and vertical scale
of diffusion decreases leading to less effective mixing (of fresh
fuel into burning zones), and this in turn lowers the CO core
mass.
For the particular set of assumptions used in Geneva code the
CO core mass non-monotonic behavior is the effect of the com-
plex and metallicity-dependent interplay of strength of stellar
winds, H-burning shell extent and element diffusion efficiency
within meridional current model. This sets the non-monotonic
metallicity dependent behavior of our BH natal spin model (see
Fig. 1).
5.2. CO Core Mass versus BH Mass
The relation between the BH mass at formation and the final CO
core mass of its progenitor in our simulations is set by formulae
based on supernova modeling (Fryer et al. 2012), together with
the pre-supernova mass of the star that is set by stellar and binary
evolution. In Fig. 4 we show MCO–MBH relation for model M20
and BH-BH mergers detectable with the O1/O2 LIGO. Note that
even though we plot MBH at the moment of the BH formation, it
is very similar to the final BH mass.
For low mass BHs (5 . MBH . 20 M) the relation between
MCO and MBH shows complicated behavior due to the effect of
wind mass loss (this is the regime in which winds can remove
entire stellar envelope and in which LBV winds can turn on)
and due to transitions between partial fallback and direct BH
formation. For massive BHs (20 . MBH . 40 M) the rela-
tion is nearly linear. This is because the massive progenitors of
these BHs are WR stars with CO core masses similar to en-
tire progenitor masses. Since in these mass regime we expect
a direct collapse to a BH, a BH mass is almost equal to a CO
Table 3. BH natal spin magnitude
Metallicity Initial mass CO core mass BH spin
Z MZAMS [ M] MCO [ M] aspin
Z=0.014 25 9.4 0.91
32 10.1 0.88
40 12.3 0.87
60 18.0 0.62
85 26.4 0.29
120 19.0 0.13
Z=0.006 25 9.6 0.80
32 13.4 0.90
40 18.8 0.90
60 32.8 0.90
85 35.8 0.37
120 52.4 0.25
Z=0.002 20 7.1 0.88
25 9.5 0.90
32 13.1 0.85
40 17.5 0.90
60 27.4 10−3
85 27.4 0.28
Z=0.0004 25 9.9 0.88
32 12.5 0.80
40 16.9 0.82
60 27.8 0.79
85 44.2 0.26
Fig. 4. The relation between the BH progenitor star CO core mass and
BH formation mass. In red we show all BHs that are components of
the BH-BH mergers that are detectable with the LIGO O1/O2 in our
model M20. The light red shaded area marks all the BHs (100%), the
darker red marks typical BH progenitors (vast majority: 98%), while the
central red curve is the average BH mass for a given CO core mass. For
comparison, we also show (blue) this relation for single star evolution
at low-metallicity (Z = 0.001; typical of massive BH-BH progenitors).
core mass. For the most massive BHs (MBH & 40 M) the BH
mass does not increase with CO core mass as pulsation pair-
instability supernovae remove the outer stellar layers. This oc-
curs for the CO core masses larger than ∼ 37.5 M as seen in
Fig. 4 and corresponds to stars that have their helium cores in
mass range MHe = 45–65 M. Stars with even more massive
cores (MHe > 65 M, or MCO > 55 M) are entirely disrupted
in the pair-instability supernovae. Details of our assumptions on
pair-instability supernovae are given in Belczynski et al. (2016a).
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5.3. Making GW170104
Figure 2 shows the formation and evolution of a binary which re-
sults in a BH-BH merger with similar properties to GW170104.
The progenitor binary was formed in a low-metallicity environ-
ment Z = 0.001 (5% Z) as a pair of two MS stars with masses
of 94.6 M and 62.5 M on a wide orbit with the pericenter dis-
tance of ∼ 2000 R. As the primary ends its MS evolution and
rapidly expands as a Hertzsprung gap (HG) star it initiates a sta-
ble case-B mass transfer. In our M20 model (see Sec. 5.5 for
details) we assume that 20% of the mass is accreted by the MS
companion, while the other 80% is lost from the system. During
mass transfer the primary is stripped of its almost entire H-rich
envelope and becomes a naked helium WR star with the mass
of 41.7 M. Only 0.3 Myr later it finishes its nuclear evolution
and forms a BH (MBH1 = 32.9 M) in a direct collapse event
(no natal kick), losing 10% of its mass in neutrino emission. The
mass of the CO core of the BH progenitor is MCO = 29.6 M,
which means that the first BH is assigned with zero initial spin
(aspin1 = 0.0, see Sec. 1).
The companion, on the other hand, has increased its mass
during the mass transfer to 71.1 M. It has also been rejuve-
nated (which we model according to eq. 58 of Belczynski et al.
(2008)) and spun up and at the offset of mass transfer is about
80% of its way through the MS phase. During the HG stage it
expands to 1330 R, which is, however, not enough to cause
a RLOF. It further increases its radius to 1650 R as a core-
helium-burning supergiant, at which point it initiates a dynam-
ically unstable mass transfer and the CE phase. As a result the
wide binary orbit (a = 3678 R) has decayed to a = 34 R and
the secondary is left without any envelope as a naked WR star.
We assume a 5% Bondi-Hoyle accretion rate onto a compact
object during CE, which leads the first BH to an only slight in-
crease of its mass (by 0.6 M) and spin (aspin1 = 0.05). Shortly
after (0.3 Myr after the CE) the secondary forms a BH in a direct
collapse (MBH2 = 24.7 M) with no natal kick and only 10%
neutrino mass loss. Because secondary has accreted a significant
fraction of its mass (∼ 20%) while still on the MS we assume
that its increased rotation has led to a ∼ 20% increase of the CO
core mass with respect to the non-rotation stellar models (see
Sec. 5.5). With the increased CO core mass of MCO = 26.0 M
the second BH is assigned with initial spin of aspin2 = 0.14.
The BH-BH is formed after 4.9 Myr of binary evolution on
a close (a = 37.4 R) and almost circular orbit (e = 0.05). The
time to coalescence (emission of gravitational waves) is 6.1 Gyr.
For this particular evolution/model we assume no natal kicks at
the formation of direct massive BHs. It means that the BH spin
vectors are most likely aligned with the binary angular momen-
tum (Θ1 = Θ2 = 0 deg). This produces an upper limit on the ef-
fective spin parameter (see eq. 1). For this particular BH masses,
their spins and spin tilts we obtain rather low effective spin of
the BH-BH binary χeff = 0.09. The progenitor binary forms at
z = 1.2 so ∼ 5 Gyr after Big Bang (close to a peak of star forma-
tion: z ≈ 2 that is 3.2 Gyr after Big Bang), and BH-BH merger
takes place at z = 0.2 (∼ 11 Gyr after Big Bang). The grav-
itational waves from BH-BH merger propagate for ∼ 2.5 Gyr
until they reach LIGO detectors at present time. All of the sys-
tem properties are within 90% of credible limits of GW170104
(Abbott et al. 2017).
5.4. The Effective Spin Parameter: χeff
The Bayesian analysis of GW170104 reported in Abbott et al.
(2017) adopts prior assumptions about the relative likelihood
of different spin magnitudes (uniform) and spin directions
(isotropic). These assumptions are not suitable for comparison
to the binary evolution model we adopt, which as presented here
requires both individual spins to be initially aligned and then
only (if at all) mildly mis-aligned by natal kicks. Recent detailed
analysis addressing the impact of prior assumptions showed they
can indeed impact the inferred parameters (Vitale et al. 2017;
Williamson et al. 2017).
Within the context of our model, we therefore reassess the
reported limit, concluding χeff < 0.2 at approximately 90% con-
fidence, in the context of our model.
We can justify this reanalysis using only the reported LIGO
result on χeff , restricted to χeff > 0. Approximating the LIGO
distribution as nearly normal with mean µ = −0.21 and width
σχ ' 0.155, we construct a truncated normal distribution ∝
θ(χ) exp−(χ + µ)2/2σ2, which has a 90% upper limit at x ' 0.2.
We arrive at a similar result by reanalyzing the underly-
ing LIGO data using the same model and techniques (includ-
ing the prior), then restricting to configurations with two posi-
tive χ1,z, χ2,z > 0. Our revised upper limit is consistent with the
range of plausible χeff , as reported by Abbott et al. (2017) (their
Fig. 5, supplementary material), corresponding to approximately
a 98–99% confidence limit within the strong assumptions of their
original analysis.
5.5. Binary Evolution Calculations
We employ the StarTrack population synthesis code (Belczyn-
ski et al. 2002, 2008). The existing improvements relevant for
massive star evolution include updates to the treatment of CE
evolution (Dominik et al. 2012), the compact object masses
produced by core collapse/supernovae (Fryer et al. 2012; Bel-
czynski et al. 2012b) with the effect of pair-instability pul-
sation supernovae and pair-instability supernovae (Belczynski
et al. 2016a), stellar binary initial conditions set by observa-
tions (de Mink & Belczynski 2015), and observationally con-
strained star formation rate and metallicity evolution over cos-
mic time (Madau & Dickinson 2014; Belczynski et al. 2016b).
The code adopts by default the fallback-decreased natal kick pre-
scription (see below) and our new BH natal spin prescription
(Sec. 1).
In our population synthesis calculations we evolve stars
in a finite grid of metallicity: Z = 0.0001, 0.0002, 0.0003,
0.0004, 0.0005, 0.0006, 0.0007, 0.0008, 0.009, 0.001, 0.0015,
0.002, 0.0025, 0.003, 0.0035, 0.004, 0.0045, 0.05, 0.006, 0.0065,
0.007, 0.0075, 0.008, 0.0085, 0.009, 0.0095, 0.01, 0.015, 0.02,
0.025, 0.03. If our population synthesis model metallicity is:
Z < 0.00089 we adopt the BH spin model corresponding to
Z = 0.0004, if 0.00089 ≤ Z < 0.00346 we adopt the BH spin
model corresponding to Z = 0.002, if 0.00346 ≤ Z < 0.00916
we adopt the BH spin model corresponding to Z = 0.006,
and if Z ≥ 0.00916 we adopt the BH spin model correspond-
ing to Z = 0.014. The limits are half points in decimal loga-
rithm between the four metallicities of the BH natal spin model
(Z = 0.014, 0.006, 0.002, 0.0004).
For old models (M10 and M13) we have redone the calcu-
lations with the same input physics but with the addition of the
new distribution of natal BH spins. Additionally, we have up-
dated calibration for all models (decrease of rates by factor of
0.926) to account for small inconsistencies in our previous es-
timates. Below we comment on factors introduced in our new
models (M20, M23, M25, M26).
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The fraction of mass retained in the binary ( fa) during stable
RLOF is not well established, and could be fully conservative
( fa = 1), fully non-conservative ( fa = 0), or anywhere in be-
tween (e.g., Meurs & van den Heuvel (1989)). Since donor stars
are typically the more massive components (at they have a much
shorter thermal-timescale than their companions. It means that
the large fraction of transferred mass may not be able to accrete
onto the companion. So far we have adopted fa = 0.5, but the re-
cent estimates in mass transferring BH-BH progenitors resulted
(typically) in fa < 0.5 (Stevenson et al. 2017). We now adopt
fa = 0.2. This causes the secondary stars (accretors) to remain
less massive than in our previous models and it generates a wider
distribution of mass ratios in BH-BH binaries than reported in
our earlier studies.
Even a small amount (∼ few percent of accretor mass)
of accretion during RLOF may effectively spin up accreting
stars (Packet 1981). With our adopted RLOF retention fraction
of fa = 0.2, accretors in BH-BH progenitor binaries typically
gain about 10 M, which is enough to spin up even very mas-
sive stars. This accretion usually happens around the middle (or
shortly thereafter) of accretor main sequence life, and therefore it
allows for effective rotational mixing and the formation of more
massive He and CO cores. Geneva stellar evolution models indi-
cate that the CO core masses in rotating stars (40% critical veloc-
ity) are 20% more massive than in non-rotating models. So far all
CO core masses calculated in our binary evolution models were
obtained from non-rotating models (Hurley et al. 2000). Here we
increase CO core mass of accreting low-metallicity (Z < 0.002)
MS stars by 20%. For high-metallicity stars, effects of rotation
on CO core mass are suppressed due to the angular momentum
loss through stellar winds (Georgy et al. 2012). This change may
increase the mass of the second BH and it may also lower its spin
magnitude.
Recent calculations show that the accretion rates onto com-
pact objects in CE inspiral can be reduced even by a factor of
10−2 with respect to the rates resulting from the Bondi-Hoyle
approximation when the structure of the envelope, in particular
the density gradients around the inspiraling object are taken into
account (Ricker & Taam 2008; MacLeod et al. 2017; Murguia-
Berthier et al. 2017; Holgado et al. 2017). MacLeod & Ramirez-
Ruiz (2015) argue that accretion structures forming around com-
pact objects embedded in the CE may span to a large fraction
of the envelope radius, and so traverse through substantial den-
sity gradients. Introducing gradients in the CE structure enters
the angular momentum to the flow around an accreting object
(which is not the case in the standard Hoyle formalism) and by
doing so, limits the accretion. The steeper the density gradient,
the smaller the accretion. The typical values of the density gra-
dients found by these authors introduce a considerable perturba-
tion to the flow. For most of the density gradients considered by
MacLeod et al. (2017) the accretion rate is well below 10% of
Bondi-Hoyle accretion rate. Based on these findings we adopt
fbond = 5% of Bondi-Hoyle accretion rate onto a BH in CE
in our current simulations. This means that now massive BHs
(MBH ∼ 30 M) accrete ∼ 0.5 M in a typical CE event, as op-
posed to ∼ 1.0 M in our earlier calculations ( fbond = 10%).
Compact remnants formed in supernovae can receive proper
motions via two classes of engine-driven natal kicks: asymmetric
matter ejecta or asymmetric neutrino emission. For BHs, asym-
metric matter ejection mechanisms only work when matter is
ejected, as opposed to prompt collapse or complete recapture of
all ejected material (“fallback”). In our calculations, we expect
that only a small fraction of systems eject a substantial amount
of matter, enabling a substantial BH natal recoil kick. In con-
trast, asymmetric neutrino emission mechanisms operates even
without any mass ejection, and thus could operate in any model
of BH formation. Although neutrino mechanisms have been in-
voked to explain recoil velocities of pulsars and X-ray binaries
(Lai & Qian 1998; Repetto & Nelemans 2015), the proposed
kick models all require strong magnetic fields and models with-
out strong magnetic fields are unable to produce significant neu-
trino kicks (Tamborra et al. 2014).
The sterile neutrino oscillation model (Kusenko & Segrè
1996; Fryer & Kusenko 2006) argued that neutrinos produced
in the core could oscillate to sterile neutrinos and escape the
core. Large magnetic fields align the ions and electrons, forc-
ing both the neutrino scattering and absorption cross sections to
be anisotropic. To ensure asymmetric neutrino emission, these
strong magnetic fields must be at the surface of last scattering
for the neutrinos. If the magnetic field in the core is high enough
to align the ions and electrons, the neutrinos in the core will
be anisotropic. If these neutrinos oscillate into sterile neutrinos,
they can escape, retaining their anisotropies and generating large
natal kicks.
Alternatively, the neutrino bubble instability (Socrates et al.
2005) argues that magnetic-acoustic instabilities develop, trans-
porting neutrino radiation to the photosphere. These instabilities
carry neutrinos and the luminosity escaping the neutrinosphere
will be enhanced at these "bubbles". If the magnetic-acoustic
bubbles are globally asymmetric, the neutrino emission will
be as well asymmetric, producing a neutrino-driven kick. Cur-
rent supernova calculations: (i) do not model the high magnetic
fields, (ii) do not sufficiently resolve the hydrodynamics, and (iii)
do not include the neutrino oscillation physics to produce these
kick mechanisms. So the high BH neutrino driven natal kicks
cannot be ruled out.
In models M10 and M20 we test asymmetric mass ejection
kicks as we employ fallback-decreased natal kicks Fryer et al.
(2012). To mimic asymmetric neutrino emission mechanisms,
we explore an alternative phenomenological prescription for BH
natal kicks in models M13, M23, M25 and M26, where we im-
part kicks random in direction, and with magnitude drawn from
a Maxwellian with a given 1-dimensional σ, independent of the
BH mass or its progenitor history (see Tab. 1).
All the compact object mergers are redistributed according to
star formation history across cosmic time (z ≈ 0–15 for Popula-
tion I and II stars; e.g., Madau & Dickinson (2014)) with account
of the delay time between binary formation at Zero Age Main
Sequence to the merger. For each merger we use set of grav-
itational inspiral–merger–ringdown waveforms (IMRPhenomC;
Santamaría et al. (2010)) to calculate the signal-to-noise ratio in
O1/O2 LIGO detectors. A given merger is considered detectable
(depending on its random sky location and orbit orientation in
respect to the detectors) if signal-to-noise ratio in a single detec-
tor is greater than 8. The full description of the method may be
found in Belczynski et al. (2016c,b,a).
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